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Prepulse  inhibition  can  be  reliably  and robustly  measured  using  the  Preyer  reﬂex.
The  Preyer  reﬂex  is a more  reliable  response  than  the  whole-body  startle  in guinea  pigs.
Salicylate  impairs  gap detection  at speciﬁc  background  noise  frequencies,  indicating  the  presence  of  tinnitus.
Measuring  gap detection  using  the  Preyer  reﬂex  is  a suitable  method  for identifying  tinnitus.
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a  b  s  t  r  a  c  t
Tinnitus,  the  perception  of  sound  in  the  absence  of  an  external  stimulus,  is  a particularly  challenging
condition  to  demonstrate  in animals.  In any  animal  model,  objective  conﬁrmation  of tinnitus  is  essential
before  we can  study  the  neural  changes  that  produce  it.  A gap  detection  method,  based  on  prepulse
inhibition  of the  whole-body  startle  reﬂex,  is often  used  as  a behavioural  test  for  tinnitus  in rodents.
However,  in the  guinea  pig  the  whole-body  startle  reﬂex  is subject  to  rapid  habituation  and  hence  is
not  an  ideal  behavioural  measure.  By  contrast,  in  this  species  the Preyer  or  pinna  reﬂex  is  a very  reliable
indicator  of the  startle  response  and  is  much  less  subject  to habituation.  We  have  developed  a noveluinea pig
reyer reﬂex
inna reﬂex
ap detection
repulse inhibition
odium salicylate
hole-body startle
adaptation  of  the  gap  detection  paradigm,  which  uses  the Preyer  reﬂex  to  measure  the  startle  response,
rather  than  whole-body  movement.  Using  this  method,  we  have  demonstrated  changes  in gap  detection,
in guinea  pigs  where  tinnitus  had been  induced  by  the  administration  of  a high  dose  of  salicylate.  Our
data  indicate  that  the  Preyer  reﬂex  gap  detection  method  is a  reliable  test  for  tinnitus  in guinea  pigs.
© 2013 Elsevier B.V. Open access under CC BY license. . Introduction
Tinnitus is estimated to chronically affect 10–15% of the UK
opulation at some point in their life, and in severe cases is linked
o depression and even suicide (Heller, 2003). No effective cure
or tinnitus has been developed to date, in part because the patho-
hysiological mechanisms responsible are still not understood. The
evelopment of animal models of tinnitus has played an essential
ole in furthering our knowledge of the physiological and molec-
lar mechanisms that underlie this condition (Kaltenbach, 2011).
he most common trigger for the condition is repeated exposure
o excessive loud noise (Eggermont and Roberts, 2004), but among
thers it can also occur as a result of the effects of ototoxic drugs
uch as sodium salicylate or quinine (Ralli et al., 2010). Sodium sali-
∗ Corresponding author at: MRC Institute of Hearing Research, Nottingham Uni-
ersity Section, University Park, Nottingham, NG7 2RD, UK.
el.: +44 115 9518108x253; fax: +44 115 9518503.
E-mail address: joel@ihr.mrc.ac.uk (J.I. Berger).
0165-0270     © 2013 Elsevier B.V.  
ttp://dx.doi.org/10.1016/j.jneumeth.2012.12.023
Open access under CC BY license. cylate is frequently the cause of tinnitus when patients receive high
doses of aspirin (Cazals, 2000). Salicylate has been shown to reliably
induce transient tinnitus in an animal model, often with less vari-
ability than noise exposure (Stolzberg et al., 2012) and over a much
shorter time-scale (5 h as opposed to 8 weeks). The neural mech-
anisms are likely to be different to those observed following noise
exposure, but it is still a useful experimental model for tinnitus.
In 1988, Jastreboff et al. developed the ﬁrst behavioural test
for tinnitus in rats that relied on a conditioned response; this
test has since been reﬁned (Bauer and Brozoski, 2001; Heffner
and Harrington, 2002). In 2006, Turner et al. devised a new test
for tinnitus that did not rely on a conditioned response, but used
the whole-body startle (WBS) reﬂex which did not require time-
consuming training periods. Moreover, this test did not rely on
memory formation, a potential confound in studies of the origins
and treatment of tinnitus, and enabled tinnitus-related changes to
be tracked over time as behavioural extinction is not a factor. As
previous work demonstrated a lag between acoustic trauma and
tinnitus manifestation, in some cases as much as 8–9 weeks (Turner
et al., 2006), this is a useful characteristic of the model.
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Fig. 1. Schematic of the gap detection test, adapted from Turner and Parrish (2008). A startling pulse in continuous background noise elicits a startle reaction (A). When a
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Pap  (50 ms) is presented before the startling pulse, this reduces the amplitude of 
etecting the gap, as this will be partially ﬁlled in by the tinnitus, and will show les
The paradigm devised by Turner et al. (2006) was based on the
henomenon of prepulse inhibition (PPI). A loud sound causes an
nimal to jump: the whole body startle (WBS) reﬂex. When the
tartling sound is cued by a preceding sound, the magnitude of the
tartle response is reduced (Hoffman and Searle, 1965). In the tinni-
us test (Turner et al., 2006), the startle pulse was always preceded
y a quiet narrow-band continuous noise (Fig. 1A). This does not
lter the magnitude of the WBS, but introducing a short silent gap
rovides a cue for the startle pulse and PPI occurs (Fig. 1B). They
ssessed PPI in rats with acoustic trauma and, by varying the cen-
re frequency of the narrow-band background noise, demonstrated
elective deﬁcits in PPI that they reasoned were due to tinnitus
 with a similar spectrum to the background noise – ﬁlling the
ap preceding the startle stimulus and obscuring the preceding cue
Fig. 1C); this method was validated through comparison with an
perant conditioning model (as used by Bauer and Brozoski, 2001).
Although the rat has been widely used as an animal model of
innitus, introducing further animal models will provide a broader
nderstanding of the mechanisms leading to tinnitus, across a
ange of mammals, including humans. The auditory system of
uinea pigs is quite typical of most mammals and their low fre-
uency hearing sensitivity is very similar to that of humans (Prosen
t al., 1978; West, 1985) providing a good species for comparison
Harrison et al., 1981).
Guinea pigs are difﬁcult to train in complex behavioural tasks,
endering the use of the tinnitus test developed by Jastreboff
t al. (1988),  or that of Bauer and Brozoski (2001) or Heffner and
arrington (2002),  highly problematic in this species. Although
 number of studies have demonstrated WBS  PPI deﬁcits in rats,
nly two studies have thus far used the method for measuring
eﬁcits in guinea pigs (Dehmel et al., 2012a,b). Like the WBS, the
uditory-evoked pinna or Preyer reﬂex is an unconscious response
Bohmer, 1988). The neural circuitry mediating the Preyer reﬂex
as also been deﬁned; the cochlear nucleus (CN), superior olivary
omplex, and the inferior colliculus (IC) all play a role, as well as
egions of the reticular nucleus and facial motor nuclei (Li and
rost, 1996). Furthermore, the variables that can change the reﬂex
re well-understood, e.g., the length of the gap, delay between
ap and startle stimulus, or drug intervention (Davis et al., 1993;
eitner et al., 1993; Swerdlow et al., 2001). We  hypothesised that
tilising the Preyer reﬂex to quantify startle response and gap
etection may  provide a useful alternative to the WBS  in this
ehavioural test for tinnitus. Often used as a gross measure of
earing in rodents (Jero et al., 2001), the parameters involved in
odulating this response are well-established. Furthermore, the
reyer reﬂex is susceptible to change induced by PPI (Cassella andrtle response (B). When an animal is experiencing tinnitus, it will have difﬁculty
ition of the startle response (C).
Davis, 1986). We  demonstrate that in guinea pigs the Preyer reﬂex
is a more reliable and consistent measure of PPI than WBS.
2. Materials and methods
2.1. Animals
All procedures were carried out in accordance with the Animals
(Scientiﬁc Procedures) Act 1986, UK and the approval of the ethical
review committee at the University of Nottingham, UK.  Experi-
ments were conducted on a total of 24 male and female pigmented
guinea pigs (GPs) from an in-house colony weighing 300–500 g at
onset of behavioural testing. GPs were group-housed on a 12:12 h
light:dark cycle, and food and water were freely available.
2.2. Measuring whole-body startle
The ability of a GP to detect a gap in background noise – and con-
sequently produce PPI – was  assessed by quantifying whole-body
movement in response to the startling stimulus. GPs were placed
in a wire cage (310 mm × 155 mm  × 155 mm)  on a custom-made
startle platform in a sound proof booth; GPs were not restrained
and were free to move around the cage. The startle platform
was connected to a load-cell (3 kg capacity; Model 1022, Vishay
Tedea-Huntleigh, Basingstoke, UK) to measure the downward force
applied to the platform following a startling acoustic stimulus. The
output from the load-cell was ampliﬁed by a factor of 1000 and
recorded in Adobe Audition (Adobe Systems Incorporated, San Jose,
CA) via a Tascam US-122 external sound card (44.1 kHz sampling
rate, 16-bit resolution; TEAC Professional Division, USA). Synchro-
nisation pulses were recorded simultaneously with the signal from
the load-cell; pulses of different size denoted either a ‘gap’ or ‘no
gap’ presentation. The signal was  low-pass ﬁltered at 200 Hz post
hoc.
2.3. Preyer reﬂex
In addition to measuring the WBS  response, we used a motion-
tracking camera system to monitor ﬂexion of the pinna. The motion
tracking system (Vicon Motion Systems, Oxford, UK) consisted of
four infrared cameras. A reﬂective marker (4 mm diameter) was
attached to each pinna using cyanoacrylate adhesive (Fig. 2), and
an additional marker was  attached to a central point, usually in the
middle of the back, to determine the orientation of the animal. The
motion-tracking system used these markers to triangulate the posi-
tion of the ears, and subsequently to track pinna movement during
190 J.I. Berger et al. / Journal of Neuroscienc
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wig. 2. A photograph showing the position of the reﬂective markers when ﬁxed to
he  pinnae. Arrows indicate the direction of movement of the pinna in response to
 startling auditory stimulus.
he presentation of startling stimuli. In order to track movement
ffectively, the system requires a minimum of two cameras detec-
ing marker positions. The Vicon system was calibrated at 2–3 week
ntervals to ensure that the motion-tracking cameras were able
o correctly establish the positions of the markers; this involved
sing a static marker to determine the lowest vertical level of the
latform and a dynamic marker to deﬁne the range of movement.
riangulated marker positions were recorded at a sampling rate
f 200 Hz using Vicon Workspace software and after each trial raw
ata (x, y, and z coordinates for each marker over the time-course of
 trial) were exported to Matlab© (R2009b, MathWorks, MA, USA)
or analysis.
.4. Data analysis
Raw data, encompassing x, y and z coordinates for each of the
arkers, were exported from the Vicon motion-tracking software
nto an Excel compatible ﬁle (.csv). Preyer reﬂex data were then
nalysed using custom-written Matlab© software. From these, the
bsolute positions and Euclidean distance between the markers
ere calculated. The centre point marker was not used for anal-
sis; this marker was required solely for the purpose of identifying
he orientation of left and right pinna markers. Marker positions
ere then matched to synchronisation pulses included in the
ound ﬁles. The software was programmed to plot each individual
tartle response; this enabled manual adjustments for occasional
ag between sound presentation and recording of Preyer responses
up to 1 s). In some trials, marker tracking was disrupted by GP
ovement occluding the markers from the camera ﬁeld-of-view.
onsequently, the analysis software was designed to remove startle
resentations in which occlusion errors occurred during the 500 ms
ecording epoch, to avoid distorting the data. The magnitude of the
reyer reﬂex was calculated for all error-free trials as pinna dis-
lacement (change in peak-to-peak distance between right and left
innae).
The WBS  reﬂex was quantiﬁed as the root mean squared (RMS)mplitude of the startle-evoked response divided by the RMS
mplitude immediately prior to presentation of a startle to give
 ‘amplitude ratio’ value (epochs for calculating the RMS  values
ere 150 ms). This accounted for spontaneous movement on thee Methods 213 (2013) 188– 195
platform. The RMS  of the startle evoked response was calculated
from 50 ms  to 200 ms  after the startling stimulus, i.e.,  the time
during which the WBS  occurred, in order to avoid any background
noise diluting the signal.
Outliers for both Preyer and WBS  reﬂexes greater than two
standard deviations from the mean were removed. For each back-
ground frequency, the mean displacement (Preyer reﬂex) and
mean amplitude ratio (WBS) for ‘gap’ and ‘no-gap’ startle data (10
startle presentations for each condition, per trial) was  calculated. A
percentage difference between ‘gap’ and ‘no-gap’ data was then cal-
culated and PPI was expressed as a percentage decrease in response
when a gap was presented, compared with the ‘no-gap’ condition.
Data from all sessions were pooled and the statistical signiﬁcance of
PPI was  determined using a Wilcoxon rank-sum test to a 95% con-
ﬁdence rating for each GP at each background frequency. Finally,
data from all GPs were pooled according to background noise con-
dition and statistical signiﬁcance compared for each reﬂex, with a
two-way ANOVA and Bonferroni post hoc analysis. The variability
of PPI for each reﬂex was  assessed with a coefﬁcient of variance
test.
2.5. Auditory stimuli
Auditory stimuli were generated from standard 16-bit digital
waveform ﬁles (.wav) ﬁles using Adobe Audition and presented
through a single 25 mm loudspeaker (Peerless DX25, Tymphany,
Hong Kong), via the Vicon motion tracking software to enable syn-
chronisation of the onset of recording with presentation of auditory
stimuli. Sound pressure level calibration was performed using a ½
inch free-ﬁeld microphone (Bruel & Kjaer Model 4165) calibrated
with a Bruel & Kjaer Type 42 Sound Level Calibrator. The speaker
was positioned at 18.5 cm above the startle platform and aligned
with the front of the cage, on its midline. The position of the GP
relative to the speaker did change between, and often within, tri-
als because the animals were not restrained. Consequently, sound
levels at the animal were not always constant.
2.6. Measuring gap detection using PPI
The gap detection method of Turner et al. (2006) requires a
continuous background noise; in this study, the background noise
comprised either narrow-band noise (1 or 2 kHz bandwidth) cen-
tred at 5, 9, 13 or 17 kHz, or broadband noise. Startling stimuli were
broadband noise bursts (20 ms;  rise/fall time of 1 ms). A single trial
consisted of 10 presentations of the startle stimulus preceded by
a gap, and 10 presentations without a gap (randomised order of
presentation), delivered sequentially for a given background noise
condition. The inter stimulus interval (ISI) was optimised by pilot
experiments to 15 or 24 s (see Section 3), leading to a single trial tak-
ing around 6 min  and 30 s. The background noise was  not switched
off (apart from during prepulse gap presentation) during a trial. A
gap duration of 50 ms  (rise/fall time of 2 ms)  and a delay of 100 ms
between the gap onset and the startle stimulus onset were selected
for all GPs included in the present study. Previous work shows that
the size of the WBS  response is susceptible to variations in both
gap duration and delay between the gap and startling stimulus;
the values selected in this study were demonstrated to be optimal
for maximising gap detection ability (Friedman et al., 2004; Leitner
et al., 1993). In a single testing session, each background noise con-
dition was presented once, in a randomised order, with ∼2 min of
silence between each trial. In pilot experiments, the startle stim-
ulus was  presented at either 105 or 117 dB SPL, in combination
with background noise delivered at 70 dB SPL. In the main experi-
ment the levels were chosen optimally for each GP using a sound
level-dependency test (SLDT).
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.7. Sound level-dependency test (SLDT)
To avoid saturation of whole-body or Preyer responses, or habit-
ation, we devised a sound level-dependency test (SLDT) protocol
y which to best match the sound level of the background and
tartle stimuli to achieve optimal gap detection. To do this, a num-
er of combinations of startle sound levels (95, 100, or 105 dB
PL) and narrow-band background noise (4–6 kHz) sound levels
55, 60, or 70 dB SPL) were presented, and PPI quantiﬁed. Narrow-
and background noise was selected for the SLDT, as we  found in
arlier experiments that lower degrees of PPI were elicited when
resenting narrow-band background noise, compared with BBN,
nd this was consistent with previous data from others (Turner and
arrish, 2008). The startle/background sound levels for optimal gap
etection were selected based on the combination that produced
he greatest magnitude of startle response and largest amount of
PI.
Each GP included in the main experiment (“Comparing PPI of
BS  and Preyer reﬂexes”) was subjected to the SLDT, prior to com-
encing baseline testing. The introduction of the SLDT served a
ual purpose: Firstly, determining if GPs exhibited signiﬁcant PPI
nabled us to discard animals that did not, before undertaking time-
onsuming baseline testing. Secondly, by optimising gap detection
t this stage, the probability of retaining robust PPI throughout the
uration of behavioural testing was increased. SLDT, as a precursor
o extended measurement of PPI, is important as the magnitude of
he startle response can signiﬁcantly decrease after noise exposure.
his is more than likely due to a reduced ability to detect the startle-
liciting stimulus (Longenecker and Galazyuk, 2011). However, it
hould be noted that, in the present study – owing to the improved
eliability of detecting a sustained Preyer reﬂex (with consistently
igher SNR) over WBS  in our pilot experiments – the SLDT focussed
n determining optimal sound levels for the Preyer reﬂex.
.8. Comparing PPI of WBS  and Preyer reﬂexes
Gap detection was assessed in a further group of GPs (n = 12)
sing both Preyer and WBS  reﬂexes, and the data obtained for
ach GP examined for robust and consistent evidence of PPI. These
Ps were ﬁrst subjected to the SLDT, before undergoing testing
essions over a period of two weeks (minimum of three and a max-
mum of six sessions). Based on data acquired in our initial pilot
xperiments (see Section 3), an ISI of either 15 or 24 s (necessary
o prevent short-term habituation) and a background noise band-
idth of 2 kHz, were used as optimal values for maintaining reliable
tartle responses and PPI.
.9. Sodium salicylate
The effects of sodium salicylate on PPI of the Preyer reﬂex
nd WBS  were investigated in an additional subset of GPs (n = 4).
ean baseline PPI was  assessed in each GP (minimum three
essions/maximum six sessions over two weeks), prior to adminis-
ration of sodium salicylate (350 mg  kg−1; i.p.) dissolved in saline.
ehavioural and neurophysiological effects of salicylate, when
dministered at this dose, have been demonstrated previously in
Ps (Norena et al., 2010). PPI was subsequently measured at 2 h and
 h post-injection, and again at 72 h to establish whether PPI had
ecovered to baseline levels. Data from all animals were pooled
nd the effects of salicylate on the Preyer and WBS  responses
ere assessed statistically for each background noise condition
t each time point with a two-way ANOVA and Bonferroni post
oc test. It has previously been demonstrated that the signiﬁcant
ecrease in amplitude of the WBS  following noise exposure, owing
o reductions in hearing thresholds, may  render changes in PPI
ifﬁcult to interpret (Lobarinas et al., 2012). To account for this ine Methods 213 (2013) 188– 195 191
our interpretation, raw amplitudes for both reﬂexes were analysed
before and 2 h following sodium salicylate injection.
3. Results
The results reported here were obtained from a number of pilot
studies designed to determine the optimal parameters for applying
the gap detection method to the Preyer reﬂex, followed by the main
experiment testing the efﬁcacy of the measurement of PPI in guinea
pigs.
3.1. Habituation of startle responses
Pilot experiments were conducted to examine the effects of
randomly varying the inter-stimulus interval (ISI) between startle
stimuli on the magnitude of startle responses, and habituation of
PPI. In these pilot experiments two  ISI values were used at ran-
dom in a trial. The values used were 9 or 15 s, 12 or 20 s, and 15
or 24 s (n = 3 GPs). In the same animals, the effects of varying the
bandwidth of the narrow-band background noise (either 1 or 2 kHz)
were also assessed. Startle responses were most robust (and habit-
uation was  consequently least) with an ISI of 15 or 24 s, and a noise
bandwidth of 2 kHz. It is perhaps not surprising that the longest
ISI yielded the least habituation. Moreover, it is plausible that an
even longer ISI would result in a further reduction of habituation.
However, the duration of a testing session is a limiting factor, so ISI
values of either 15 or 24 s were selected as the optimal condition.
The potential confound of either reﬂex habituating to startle
stimuli, according to the number of trials per week, was further
explored in two  groups of GPs, over a ﬁve-week period: Group One
was tested 2–3 times per week (n = 3), while Group Two was tested
once a week (n = 5). For both groups, an ISI of either 15 or 24 s was
used. No signiﬁcant changes in the average magnitude of WBS  and
Preyer reﬂex startle responses were evident in either group of GPs,
indicating that – when tested up to three times per week – animals
did not habituate to the startle stimulus.
3.2. Signal-to-noise ratios and variability between reﬂexes
Signal-to-noise ratio (SNR) was compared for each reﬂex in the
long-term (5-week) habituation groups of GPs, described in the pre-
vious section (n = 8); the mean peak-to-peak signal before (noise)
and after (signal) startle presentation (500 ms epoch for each) was
calculated for all ‘no-gap’ startle presentations across all trials. The
SNR was  calculated as 20 log (signal/noise) and expressed as dB.
This process was repeated for each background noise condition,
and the difference between Preyer and WBS  calculated for all fre-
quencies across all animals. The mean SNR (±SEM) of the Preyer
reﬂex (29.2 ± 6.2 dB) was substantially higher than the SNR for
WBS  (21.4 ± 3.8 dB), which equated to a ∼8 dB improvement in SNR
when measuring the Preyer reﬂex. Further to this, the variability of
the startle amplitude for both reﬂexes was  assessed with a coefﬁ-
cient of variance test; Preyer reﬂex responses exhibited ∼50% less
variability than WBS.
3.3. Dependence of the WBS  and PPI on sound level
Previous work has demonstrated a dependence of the WBS
response magnitude and PPI on background and startle sound lev-
els (Schmajuk et al., 2006). The effects of changing the sound levels
of the background noise and startle stimuli were therefore assessed
in a further group of animals (n = 5). Four GPs from the SLDT pilot
group exhibited clear PPI for at least one combination of back-
ground and startle sound levels.
192 J.I. Berger et al. / Journal of Neuroscience Methods 213 (2013) 188– 195
Fig. 3. Representative raw traces of ‘no gap’ startle stimulus presentation (n = 10)
overlaid for the Preyer reﬂex (A) and the WBS  (B), taken from a single trial for one
guinea pig. Dotted lines indicate the window of analysis for WBS  and peak-to-peak
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Table 1
PPI of the WBS  and Preyer reﬂexes at each background noise frequency (BBN,
4–6 kHz, 8–10 kHz, 12–14 kHz, 16–18 kHz), expressed as % PPI, are shown for all
GPs  (n = 12). Shading and emboldened text indicates signiﬁcant PPI values, as deter-
mined with a Wilcoxon rank-sum test (P < 0.05). All GPs demonstrated signiﬁcant
PPI of the Preyer reﬂex, whereas only four GPs (GP2, GP3, GP6, and GP11) showed
signiﬁcant PPI of the WBS  reﬂex at all frequencies.
limited number of animals demonstrating signiﬁcant PPI of WBS
at all frequencies and the greater range in magnitude of PPI, the
Fig. 4. PPI of the WBS  and Preyer reﬂexes. Mean PPI of each reﬂex at a given back-
ground noise frequency is indicated by the solid horizontal line contained withineasurement for Preyer reﬂex.
.4. Comparing PPI of WBS  and Preyer reﬂexes
Gap detection and PPI were assessed in a group of GPs (n = 12) by
easuring the WBS  and Preyer reﬂexes simultaneously. Represen-
ative examples of raw recordings of the responses to a startling
ound are illustrated in Fig. 3A and B. These plots are typical
f the recordings we obtained for each reﬂex, and highlight the
uperior SNR and consistency (i.e., minimal variability) of pinna
isplacement measurements (Fig. 3A) versus those acquired from
easurements of WBS  (Fig. 3B). Raw signals for all ‘gap’ stimulus
resentations within a trial were pooled and mean RMS  and pinna
isplacement plots derived for WBS  and Preyer reﬂexes respec-
ively; the same process was applied to ‘no gap’ presentations.
PI was then quantiﬁed for a session for each background noise
ondition.
PPI was assessed in each GP over 3–6 testing sessions. First, the
LDT determined whether a GP was capable of detecting a gap (and
he sound levels at which this was best achieved); each animal then
nderwent testing sessions to obtain robust PPI. In some cases,
igniﬁcant PPI was obtained in three sessions (Wilcoxon rank-
um test; P < 0.05), but in other animals additional sessions were
equired (no more than six sessions – over a period of two  weeks –
ere conducted to avoid the possible confound of habituation).
All 12 GPs exhibited signiﬁcant PPI of the Preyer reﬂex at all
ackground noise frequencies (P < 0.05). By contrast, signiﬁcant PPI
f the WBS  reﬂex was only apparent at all frequencies in four GPs
see Table 1). In some cases, this was due to a complete absence
f PPI at a given frequency, and in others to a much higher degree
f variability in the WBS  response. This was conﬁrmed by a coefﬁ-
ient of variance test; the mean variation (for ‘no gap’ presentationsacross all frequencies/animals) of the WBS  reﬂex was  63%, whereas
the coefﬁcient of the Preyer reﬂex was  39%.
When PPI data were pooled across animals and statistically
assessed with a two-way ANOVA, signiﬁcant differences were
detected in both background noise centre frequency (F(4,4) = 4.48,
P < 0.01) and reﬂex type (F(1,4) = 11.86, P < 0.01) variables, and
a signiﬁcant frequency by reﬂex interaction was  also observed
(F(4,55) = 4.00, P < 0.01). Post hoc analysis indicated signiﬁcantly
higher PPI of the WBS  reﬂex in the BBN condition, compared with
the Preyer reﬂex (t = 4.92, P < 0.01), but no signiﬁcant differences
were apparent at other frequencies (Fig. 4). However, given theeach box; boxes indicate 95% conﬁdence intervals; whiskers indicate the full range
of  values obtained across all GPs (n = 12) for each condition. PPI of WBS  was signiﬁ-
cantly higher than the Preyer reﬂex in the BBN condition (**P < 0.01).
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F B). Mean (± SEM) PPI values for all GPs (n = 4) are shown for each background frequency
n ﬂex, signiﬁcant reductions in PPI were seen at 2 h in the BBN condition and at 5 h in the
8  at any time point.
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Fig. 6. Changes in amplitude of the Preyer (A) and WBS  (B) responses. Mean (±
SEM) values are shown for all guinea pigs (n = 4) at each background noise fre-
quency before (baseline) and 2 h after salicylate administration. Signiﬁcant increasesig. 5. The effects of sodium salicylate on PPI of the Preyer reﬂex (A) and the WBS  (
oise  condition at 2 h, 5 h, and 72 h post-salicylate administration. For the Preyer re
–10  kHz condition (**P  < 0.01). For the WBS, no signiﬁcant changes were observed
BS  measure did not appear to be optimal for detecting tinnitus
erceived as tonal rather than as a broad band noise.
.5. The effects of sodium salicylate on PPI
In order to compare the efﬁcacy of detecting tinnitus using
he Preyer and WBS  responses, as measured by reductions in PPI,
e administered sodium salicylate to four GPs and measured PPI
f both reﬂexes at 2 h and 5 h post-injection (Fig. 5). Using the
reyer reﬂex as a measure of PPI (Fig. 5A), statistical analysis
evealed a signiﬁcant effect in the time-point variable (F(3,12) = 3.88,
 < 0.05), no effect in the background noise centre frequency vari-
ble (F(4,12) = 0.73, P = 0.59), but a signiﬁcant time by frequency
nteraction (F(12,45) = 2.76, P < 0.01). Post hoc analysis indicated that
alicylate signiﬁcantly attenuated PPI of the Preyer reﬂex in the
BN background noise condition at 2 h (t = 3.98, P < 0.01) and in the
–10 kHz background noise condition at 5 h (t = 3.81, P < 0.01). Con-
ersely, no signiﬁcant reductions in PPI of the WBS  (Fig. 5B) were
bserved following salicylate administration for either the time-
oint (F(3,12) = 0.28, P = 0.84) or background noise centre frequency
F(4,12) = 1.56, P = 0.24) variables, or a time-frequency interaction
F(12,45) = 1.33, P = 0.24).
PPI was also measured at 72 h post-salicylate administration to
stablish whether the effects of salicylate were transient; previous
ork demonstrated wash-out of salicylate effects occurring within
 72 h period (Mongan et al., 1973). No signiﬁcant deﬁcits in PPI of
he Preyer reﬂex or WBS  were apparent at this time-point in any of
he background noise conditions. The deﬁcits in PPI of the Preyer
eﬂex may  be indicative of tinnitus and the transient nature is in
greement with the predicted time-course of salicylate-induced
innitus.
.6. Changes in reﬂex amplitudes following salicylate
dministration
To determine whether the effects seen here may  be purely
elated to changes in the amplitudes of either reﬂex following
alicylate administration, raw Preyer reﬂex and WBS  amplitudes
ere analysed before and 2 h after injection (Fig. 6). As opposed to
he decreases observed following noise exposure (Lobarinas et al.,
012), both reﬂexes exhibited increases in startle amplitudes at all
requencies 2 h following the salicylate injection, indicating that
he reductions seen in the PPI of the Preyer reﬂex were not simply
 result of reduced startle amplitudes.in  response amplitude were detected at 16–18 kHz (**P < 0.01) for the Preyer reﬂex,
and 4–6 and 8–10 kHz (*P < 0.05; ***P < 0.0001) for the WBS.
4. Discussion
In the present study, we  have shown a novel method for quan-
tifying PPI in GPs. This method appears to give robust consistent
responses, and was  more reliable than the WBS  approach in our
GPs. We also demonstrated sensitivity of the Preyer reﬂex method
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or detecting deﬁcits in PPI induced by sodium salicylate, indicative
f a tinnitus-like percept in our animals.
Our data indicate that the Preyer reﬂex was a more suitable
easure than the WBS  in detecting tinnitus following salicylate
dministration. This may  be due to the variability of the WBS
esponse in guinea pigs, as highlighted in this study. Since the
evelopment of the gap detection model by Turner et al. (2006),
he WBS  model has been widely used in rats (Wang et al., 2009;
ang et al., 2007), but very few groups have to date successfully
nduced and measured tinnitus in mice (Turner et al., 2012) or GPs
Dehmel et al., 2012a,b). GPs are notoriously difﬁcult to train with-
ut aversive stimuli (Agterberg et al., 2010), and our early pilot
tudies also indicated rapid habituation to the startle stimulus, or
BS  responses that were absent altogether, which further com-
licates adaptation of this model for use in GPs. Consequently, we
ere prompted to ﬁnd a novel, more-robust method of evaluat-
ng PPI in the GP, while still retaining the essential characteristic
measurement of a reﬂex requiring no training. The Preyer reﬂex
described in Bohmer, 1988) appears to offer an elegant solution to
hese limiting factors. In the present study we have demonstrated
obust, reproducible startle-evoked responses that appear far less
usceptible to habituation, exhibit a superior SNR, and show clear
PI, when compared with our WBS  data. Most importantly, we  were
ble to demonstrate baseline PPI of the Preyer reﬂex at all back-
round noise frequencies in all twelve GPs tested, whereas this was
nly the case in four of the GPs when evaluating WBS. Moreover,
PI of the Preyer reﬂex was sensitive to manipulations with sodium
alicylate whereas the WBS  was not, and thus may  present a use-
ul alternative for relating changes in a reﬂex response to tinnitus.
lthough we measured the Preyer reﬂex using expensive motion
racking hardware, there is little reason why the reﬂex could not
e measured using simpler hardware such as accelerometers.
Salicylate causes transient and reversible tinnitus when admin-
stered at high doses in both humans (Mongan et al., 1973) and
nimals (Ralli et al., 2010). Behaviourally, salicylate has been shown
o signiﬁcantly impair gap detection in rats (Turner and Parrish,
008), consistent with the results shown here. Although the precise
echanisms behind salicylate-induced tinnitus have not – as yet –
een elucidated, a number of neural changes have been observed
ollowing salicylate administration in animal experiments (Evans
nd Borerwe, 1982; Eggermont and Kenmochi, 1998; Basta and
rnst, 2004; Lobarinas et al., 2006; Roberts et al., 2010; Wei  et al.,
010). The pathways for tinnitus generation are different depend-
nt on the inducing agent. Nonetheless, salicylate is a useful tool
or examining tinnitus. Salicylate treatment reliably induces tran-
ient tinnitus; this is proposed (at the central level) to occur as a
esult of decreased GABAergic transmission and a subsequent loss
f inhibition (see Stolzberg et al., 2012 for review).
An important, and potentially confounding, aspect of the gap
etection method following tinnitus induction is a reduction in
tartle amplitudes that has previously been observed after noise
xposure (Lobarinas et al., 2012). The potential implication of this
nding is that such a decrease may  render any gap detection deﬁcits
ifﬁcult to interpret, as the PPI calculation is a relative measure and
hus could be affected by reduced startle amplitudes. In light of the
reater degree of variability as well as the poorer SNR of the WBS
compared with Preyer) in our data, it is conceivable that any reduc-
ion in amplitudes may  often obscure a detectable startle response
nd render calculations of PPI as meaningless.
In the present study, we did not observe any reductions in the
mplitudes of either Preyer or WBS  responses following salicylate
dministration. In fact, signiﬁcant increases were present at vari-
us background frequencies. It has previously been suggested that
uch a ﬁnding may  occur as a result of hyperacusis (Sun et al.,
009), reﬂecting oversensitivity to the startling stimulus. How-
ver, it is important to highlight that whilst startle amplitudes dide Methods 213 (2013) 188– 195
not decrease following salicylate administration, decreased ampli-
tudes are clearly prevalent following noise exposure (Lobarinas
et al., 2012). Consequently, any future studies using the gap detec-
tion method, regardless of which startle response is measured,
should ensure that a clearly detectable response is analysed follow-
ing noise exposure. Furthermore, hearing thresholds should have
recovered sufﬁciently in order for an animal to detect and respond
to the background stimulus, as this may  also confound interpreta-
tion of gap detection deﬁcits.
Although the advantages of using the Preyer reﬂex were clear
from our data (three times as many GPs demonstrating base-
line PPI at every frequency and sensitivity to changes following
salicylate administration), an important caveat lies in the design
of the SLDT protocol used in these experiments. The SLDT was
conducted to determine the optimal sound level combinations
(background/startle) for detecting PPI of the Preyer reﬂex not the
WBS. However, from our early pilot experiments that showed infe-
rior SNR and lower levels of detectable WBS, it still seems likely
that the Preyer reﬂex provides a ‘cleaner’, more-robust measure in
our GPs. The WBS  reﬂex has previously been shown to successfully
identify tinnitus in naturally active species, such as rats (Turner
et al., 2006) and mice (Turner et al., 2012), but the Preyer reﬂex
may  be more suitable in more lethargic animals such as chinchillas
or cats (Koka et al., 2011). Furthermore, these animals have large
pinnae which would render any Preyer response easier to detect;
this may  be an important factor in the utility of this approach to
measuring gap detection. It would be useful to compare the two
methods for measuring PPI in other species.
There are limitations to using the reﬂex response approach
that at present remain unresolved. In either form, the method
measures – at best – perception of a phantom sound, but fails
to assess the emotional components and characteristics that are
linked to the level of annoyance produced in the human condi-
tion. This, clearly, is a challenging facet to model and quantify in
animals, while retaining other features of the current models and
not introducing complex behavioural tasks that may  interfere with
measurement of the phantom sound perception. Despite recent
advances in animal tinnitus models, the scope for understanding
the pathophysiology of tinnitus remains limited without signiﬁcant
further development. We are currently trying to ﬁnd electrophys-
iological and histological markers of tinnitus that would provide
complementary evidence for making a more secure diagnosis.
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